Olive culture is very important in the Mediterranean Basin. A severe outbreak of Olive Quick Decline Syndrome (OQDS) caused by Xylella fastidiosa infection was first noticed in 2013 on olive trees in the southern part of Apulia region (Lecce province, southern Italy). Studies were carried out for detection and diversity evaluation of the Apulian strain of Xylella fastidiosa. The presence of the pathogen in olive samples was detected by PCR amplifying the 16S rDNA, gyrase B subunit (gyrB) and HL hypothetical protein genes and single nucleotide polymorphisms (SNPs) assessment was performed to genotype X. fastidiosa. Twelve SNPs were recorded over gyrB and six SNPs were found for HL gene. Less variations were detected on 16S rDNA gene. Only gyrB and HL provided sufficient information for dividing the Apulian X. fastidiosa olive strains into subspecies. Using HL nucleotide sequences was possible to separate X. fastidiosa into subspecies pauca and fastidiosa. Whereas, nucleotide variation present on gyrB gene allowed separation of X. fastidiosa subsp. pauca from the other subspecies multiplex and fastidiosa. The X. fastidiosa strain from Apulia region was included into the subspecies pauca based on three genes phylogenetic analyses.
of the same bacteria, from chitalpa, was proposed by Randall et al. (2009) and named tashke. This formed a distinct group from the other four subspecies previously mentioned but even today it still remains not fully accepted.
Until 2013, when a severe outbreak of Xf occurred in Apulia region (southern Italy) in the province of Lecce Saponari et al., 2013) , only a few reports of Xf infections on olive existed (Hernandez-Martinez et al., 2007; Wong et al., 2004) and the strain infecting olive was included in the subsp. multiplex or was classified as Genotype A by Chen et al. (2005) . Initially, the etiology of the disease which occurred in the Apulia Region was unclear and the disorder was called "Olive Quick Decline Syndrome (OQDS)". Afterwards, to understand the biology, genetics and phylogeny of Xf strain and subsequently to use all this information to better control this pathogen, a wide range of genes were investigated. Among these genes, one of the most studied and applied was the 16S rDNA gene, which can furnish precious data for Xf classification (Chen et al., 2000a; 2000b; Firrao and Bazzi, 1994; Martinati et al., 2007; Mehta and Rosato, 2001; Schaad et al., 2002) but evolves very slowly and thus, may have quite a minor resolution when used to infer relationships among closely related taxa. Therefore, other taxonomic markers were necessary for species identification such as the gene encoding the B subunit polypeptide of the DNA gyrase (gyrB). This was accepted to develop faster than the ribosomal RNA even preserving an elevated correlation with the whole genome homology (Murray et al., 2001; Rodriquez et al., 2003; Yamamoto and Harayama, 1995; Yamamoto et al., 1999) . Both these previously described molecular markers along with the hypothetical protein HL gene (Francis et al., 2006) were utilized in this study to investigate the Xf strain from Apulia region. Sequence comparisons for 16S rDNA, gyrB and HL genes and phylogeny analyses were performed to explore the nucleotide diversity of the Apulian strain of Xf and to look over its relationships with other Xf taxa.
Materials and Methods
Biologic materials. In winter 2013-early spring 2014, in a Salento area, several samples of mature leaves and twigs were collected from olive trees showing scorch-like symptoms and/or yellowing. The samples were singly closed in double plastic bags, treated with insecticides, brought to the Department of Agricultural, Food and Environmental Sciences at the University of Foggia and subsequently processed in the laboratory of Plant Pathology, accredited to Apulia Region. After analysis, all samples were destroyed by double sterilization at 121ºC for 20 min. DNA isolation. Genomic DNA (gDNA) was extracted from about 0.5-0.8 g of fresh tissue recovered from 5-10 mature leaf peduncles and midribs from symptomatic and healthy samples. Plant tissues were grinded in liquid nitrogen. Total nucleic acids isolation from homogenized plant tissue was performed with DNeasy plant mini kit (Qiagen, Heidelberg, Germany) according to the manufacturer's instructions with some minor modifications. The extracted gDNA concentration was determined using an ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, Delaware, U.S.A.) and then adjusted to 50-100 ng/ µl. DNA samples were stored at -80ºC for long term use.
PCR and sequencing. Genomic DNA extracted from symptomatic and healthy olive samples was assessed by polymerase chain reaction (PCR) to detect the presence of the pathogen employing five pairs of species-specific primers: XF1/6, S-S-X.fas-0067-a-S-19/S-S-X.fas-0038-a-A-21, RST31/RST33, FXYgyr499/ RXYgyr907 and HL5/6. The first three primers amplified 16S rDNA and RNA polymerase sigma-70 factor genes and the other gyrB gene and hypothetical protein gene (HL), respectively (Table 1) . PCR conditions were identical to those reported in the original work of each author mentioned in Table  1 . Each PCR reaction contained about 100 ng of gDNA template, 50 µl of 10x PCR Buffer (Invitrogen, Inc., New York, U.S.A.), 0.5 µM of each primer, 100 µM of each dNTP and 1U of Taq DNA polymerase (Invitrogen Inc., New York, U.S.A.) in a total reaction volume of 50 µl. Each assay was performed at least twice and a negative control (no gDNA template) was always included. Amplification products were visualized after electrophoresis in 1.2% agarose gel containing 0.1 μg/ml of ethidium bromide, run in 1X TBE buffer at 80V for 30 min and photographed. Subsequently, PCR amplicons were directly sequenced by BMR Genomics company (Padua, Italy), DNA sequences queried against NCBI database using the Basic Local Alignment Research Tool (BLAST) and megablast algorithm (Altschul et al., 1997) , loaded and finally analyzed into MEGA v.6.0 program (Tamura et al., 2013) .
Sequences analysis, diversity assessment and phylogeny. Genetic diversity studies have been carried out on the Xf strains from infected olive trees in Apulia. In order to genotype the Xf from olive investigations on SNPs assessment on the three previous mentioned genes were done. All analyses were performed into MEGA6 phylogeny package where nucleotide sequences for each gene were aligned by ClustalW program (Tamura et al., 2013) . Evolutionary divergence estimations were also performed in MEGA6 by Maximum Composite Likelihood (MCL) method (Tamura et al., 2004; 2013) . Phylogeny reconstruction analyses were carried out using Neighbor-Joining (NJ) statistical method (Saitou and Nei, 1987) . Branch support of the phylogenetic tree was tested by bootstrap method with 1000 replications (Felsenstein, 1985) and the nucleotide substitution model was adopted. The phylogenetic tree was inferred by a Kimura-2 Model algorithm (Kimura, 1980) with uniform rates among sites. Gaps/missing data were treated by complete deletion. For all investigations, gDNA nucleotide sequences of the Xf obtained in this study along with some others, downloaded from NCBI's GenBank and used for comparative analyses, were employed (Table 2) .
Results
DNA isolation, PCR and sequencing. About 50-100 ng/ µl of gDNA was successfully isolated from infected olive trees and control healthy plants. Amplification of the above described genetic material was also successful and products of expected size were obtained for all genes investigated (Table 1) except for the negative controls. Thirty-four nucleotide sequences belonging to the 16S rDNA, gyrB and HL genes were obtained in this work and deposited into EMBL-EBI nucleotide archive (Table 2) .
Sequences analysis, diversity estimation and phylogeny
16S rDNA and RNA polymerase sigma-70 factor genes. The outcomes regarding diversity estimation and phylogeny were similar for the16S rDNA and RNA polymerase sigma-70 factor genes and therefore, only those referred to 16S rDNA gene are presented and discussed below. The final alignment of 16S rDNA gene contained 383 nucleotides. Out of these, 381 were conserved sites and only 2 variable. Two parsimony informative sites were found over the 16S rDNA sequence with no singletons. The average evolutionary divergence over all sequence pairs, computed using the MCL model was 0. All olive 16S rDNA sequences generated in this study shared a 100% identity with the olive strain OL-G2 of Xf (acc. no. KJ406215) and were also 100% identical to each other and to many Xf species and subspecies from various hosts ( Fig. 1 ). Moreover, 16S rDNA gene showed a lower level of variation and only 2 SNPs were counted over a 383 bp length (data not shown). Analyzing the differences over 16S rDNA gene between Xf subsp. pauca strains from olive and those of the same subspecies from other hosts like coffee and citrus, we found only 1 diverse nucleotide. Quite a similar situation (1SNPs) was registered for nucleotide sequences of 16S rDNA of olive strains of Xf subsp. pauca and those from grape of Xf subsp. fastidiosa. The NJ phylogram of aligned and cured 16S rDNA sequences from 31 strains of Xf placed the majority of them into one single group (Clade I) divided into 2 subclades (A and B), with bootstrap values greater than 60% (Fig. 1 ). Subclade (A) grouped 16S rDNA gene sequences from olive along with those from oleander, plum, mulberry, elm, oak, pin oak, sycamore and ragweed which were placed together with no significant bootstrap support. Within this group, 16S rDNA gene sequences from coffee, citrus and sweet orange grouped together with a moderate bootstrap support of 65%. Subclade (B) grouped together the 16S rDNA gene sequences of grapevine strains with 
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Gyrase B gene.
The final alignment of gyrB gene sequences contained 30 sequences and included a total of 384 nucleotides. Out of these, 371 sites were conserved and 13 variable and parsimony-informative with no singletons. The average evolutionary divergence over all sequence pairs, computed using the MCL model (Tamura et al., 2004) , was 0.01. All olive gyrB sequences generated in this study shared a 100% identity with the olive strain OL-G2 of Xf (acc. no. KJ406212) subsp. pauca originated from Italy and were also 100% identical to each other. Further- LN811078 " " X. fastidiosa strain N. 1501
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Genetic Diversity of Xylella fastidiosa in Olive Trees 107 more, the gyrB gene showed a high level of variation and 13 SNPs were counted over a 384 bp length (Table 3 ). Analyzing the differences between Xf strains from olive and those of the Xf subsp. pauca from coffee and citrus only 2 diverse nucleotides were found. Also, gyrB gene nucleotide sequences of Xf from olive, both from this study and one from GenBank, showed an insertion of two bases, which were never seen in all other Xf nucleotide sequences analyzed (data not shown). Among strains of Xf from olive and strains of Xf subsp. multiplex isolated from various hosts (almond, plum, blueberry, elm, ragweed and pin oak) 5 SNPs were registered. A different situation was registered for Xf nucleotide sequences of gyrB gene from olive and those of the same gene belonging to Xf subsp. fastidiosa from grape which were much more variable as 12 SNPs were detected. The NJ phylogram of aligned and cured gyrB gene sequences from 30 strains of Xf showed three clusters, supported with bootstrap values greater than 70% (Fig. 2) . The first distinct cluster (I-1) was only formed by Xf isolates, known to belong to the subspecies pauca classified based on the already known nucleotide sequences from GenBank database, and supported by very high bootstrap values of 93%. Moreover, within this cluster two subgroups were detected, one (A) clustering together the Xf isolates from olive with a high bootstrap support (86%) and the other (B) grouping isolates of the same species from coffee and citrus supported by moderate bootstrap values of 64% (Fig. 2) . The second distinct cluster (I-2), supported by very high bootstrap values (84%), grouped together strains of X f subsp. multiplex originated from various hosts. The third cluster (Clade II) supported by an excellent bootstrap of 99% and well separated from the other two previously described, grouped sequences of X f subsp. fastidiosa from grape (Fig. 2) . Fig. 1 . Neighbor-joining tree generated in MEGA6 from the 383 bp length alignment of 16S rDNA gene sequences of 31 Xylella fastidiosa specimens, using the Kimura-2 parameter model with uniform rates among sites, complete deletion gap handling and 1000-replication bootstrapping. Nodes with bootstrap values < 60% were eliminated. Bootstrap values are indicated next to relevant nodes. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. 
Hypothetical protein gene. Despite a relatively high number of nucleotide sequences of Xf deposited for many genes, including those described before, a very low number of sequences of hypothetical protein (HL) still exist in all public nucleotide databases. All available sequences at the moment of the study were downloaded and analyzed along with the HL nucleotide sequences produced in this work. The final alignment of HL sequences included 14 sequences and contained a total of 216 nucleotides. A total number of 208 sites were conserved and 8 variable of which 6 were parsimony-informative and 2 singletons. The average evolutionary divergence over all sequence pairs using the MCL model (Tamura et al., 2004) was 0.01. Furthermore, olive HL sequences generated in this study were identical to each other and shared a 100% identity with two Xf strains present in GenBank (acc. numbers KJ406211 and HG532020, both originated from olive) and known to belong to the Xf subsp. pauca. The topology of the NJ tree based on HL gene showed that all HL nucleotide sequences from olive grouped together in a distinct cluster (Clade I). This clade (supported by an excellent bootstrap value of 100%) contained strains belonging to Xf subsp. pauca and the subspecies pauca was determined based on their 100% identity to the olive strains of Xf subsp. pauca already present in the NCBI GenBank (Fig. 3) . Another distinct cluster (Clade II) was made by strains of Xf subsp. tashke from chitalpa (3 sequences) and one strain from grapevine which belongs to the subsp. fastidiosa, but less than 60% bootstrap support was registered within this cluster (Fig. 3) . HL sequences from chitalpa and grape were almost identical except for one single base found in one sequence from chitalpa which can probably be a sequencing error. Results of HL nucleotide sequences obtained in this study confirm recent outcomes of Loconsole et al. (2014) who, detected X. fastidiosa in olive trees using molecular and serology methods and of Giampetruzzi et al. (2015) who, based on the draft genome sequence of Xf CoDiRO strain, classified Xf from olive into subsp. pauca group. Six SNPs were found over 216 bp length of HL nucleotide sequences (Table 4 ). Even if the length of the gene investigated is quite small, a high diversity was recorded and the SNPs found resulted associated with two types corresponding to different hosts (Table  4 ). Specific SNPs were only found for olive (Type I) but not for the other two host plants, chitalpa and grape (Type II) as shown in Table 4 . The SNPs discovered showed that no association exists between them and phylogenetic subgroups corresponding to an Xf subspecies since strains from two different subspecies e.g. Xf subsp. tashke and Xf subsp. fastidiosa were grouped together (Type II) (Table 4 ).
Discussion
Diversity and phylogenetic studies carried out on Xf from Apulian olive trees gave us comparable results with the recent studies (Carridi et al., 2014; Elbeaino et al., 2014; Loconsole et al., 2014; Saponari et al., 2013) . Phylogenetic trees had slightly different topologies for the three genes investigated although some clusters were maintained in trees originated from data of gyrB and HL genes. For the 16S rDNA gene the distinction between the Xf subsp. was unclear since a unique group containing all Xf strains was observed (Fig. 1) . Our results of this gene are concordant with what was previously reported by Mehta and Rosato (2001) who demonstrated that the 16S rDNA sequences of Xf from various host plants, were very similar and a small number of nucleotide substitutions (2 to 4) were only detected in grapevine and plum, also showing that a low level of divergence over 16S rDNA sequences exists.
Data from this study also support the results of Chen et al. (2000b) which observed higher levels of heterogeneity in 16S rDNA gene only when Xf was compared to same gene from Xanthomonas and Stenotrophomonas.
Other genes explored in this study like gyrB and HL furnished enough nucleotide variation to identify and classify our Xf strains from olive (Figs. 2 and 3) . Findings from this study obtained with gyrB gene are concordant with those of Cariddi et al. (2014) which proved the separation of three subsp. of Xf based on the variation which exists on this gene, even if in their study a single gyrB gene sequence from olive (strain OL-G2) and a smaller number of different gyrB gene sequences from other hosts were considered. Furthermore, SNPs identified, in our work, over the gyrB gene sequence grouped together strains of Xf subsp. pauca into 2 types: type I containing strains from olive and type II harvesting strains of the same subspecies from coffee and citrus. Strains belonging to the Xf subsp. multiplex grouped together (type III) based on their SNPs revealed over gyrB gene independently of their host plant origin. Another type named IV containing strains of Xf subsp. fastidiosa from grape was also recorded (Table 3) . Only two types, based on the SNPs counted on HL gene, harvesting strains of Xf from olives (type I) and chitalpa (type II) were found, but this can be explained by the small number of sequences analyzed for this gene and if we could increase their number probably more types could be observed as it was seen for the gyrB gene (Tables 3 and 4) .
SNPs analyses for both gyrase B and HL genes showed that olive sequences obtained in this study were identical among them and very similar to the olive Xf sequences already present into GenBank.
Both gyrB and HL genes, were initially employed to detect the presence of Xf (Francis et al., 2006; Rodrigues et al., 2003) and recently used for a preliminary molecular identification of Xf in olives (Saponari et al., 2013) . Only one of these (gyrB) was employed to detect the presence of a Xf strain infecting olive and oleander (Carridi et al., 2014) but can be also useful to classify the Xf pathogen at subsp. level.
The epidemic nature of OQDS disease induced by Xf susp. pauca strain CoDiRO (Carridi et al., 2014) on olives in Apulia region and in particular in Lecce province, was already reported and considered to be a consequence of the globalization in the plant movement (Catalano, 2015) . Very recently, Nunney et al. (2014) reported a strain of Xf subsp. pauca in Costa Rica on oleander, but in Central America this particular strain was never found on citrus or grape and Costa Rica could be its centre of origin. The same authors also suggest the possible existence of some unknown genetic forms of Xf in South America. They warn us that the formation of novel genetic forms through inter-subspecific recombination could be of great importance because they could be introduced into other regions through plant movement, and as a consequence they may attack commercially important crops Nunney et al., 2014) . Xf subsp. pauca found in the Salento area is highly similar to Xf subsp. pauca found in Costa Rica. This strain is diverse from other isolates belonging to subspecies pauca, in fact, for example, the CoDiRO strain does not infect citrus as other pauca isolates do. It is very possible that in the near future the CoDiRO strain will be classified as a distinct and new subspecies of Xf.
